Background/Aims: The present study was designed to investigate the expression of multidrug resistance (MDR)-related genes, verify the synergistic effects of baicalin and Adriamycin (ADM) and investigate the related mechanisms in ADM-resistant leukaemic HL-60/ADM cells. Methods: We used a HL-60/ADM cell line. Cytotoxicity and flow cytometry assays were employed to verify the cytotoxic effects of baicalin. Real-time polymerase chain reaction and Western blotting assays were used to assess the expression of MDR-related genes and the changes in gene expression (both MDR-related and PI3K/Akt pathway-related) induced by administration of baicalin. Results: We found that only multidrug resistance protein 1 (MRP1), lung resistance-related protein (LRP) and Bcl-2 genes were expressed in both HL-60 and HL-60/ADM cells. HL-60/ADM cells exhibited significantly higher expression (p < 0.05). We also observed that low-dose baicalin (5 and 10 µmol/L) can induce growth inhibition and apoptotic effects on HL-60/ADM cells by increasing the intracellular accumulation of ADM. The synergistic effect of baicalin and ADM was verified. Concerning the potential mechanisms involved in this process, we showed that baicalin down-regulated the expression of several MDR-related and PI3K/Akt pathway-related genes. Conclusions: We confirmed the increased expression of MRP1, LRP and Bcl-2 genes in HL-60/ADM cells compared to regular HL-60 cells, which are recommended for future investigation on MDR. The present study provided evidence of the synergistic effect of baicalin and ADM in HL-60/ADM cells. Therefore, baicalin may be considered as a potential therapeutic agent against resistant leukaemia. Suppression of the PI3K/Akt signalling pathway, followed by inhibition of the expression of MDR-related genes may be a common mechanism in combination treatments with ADM for the reduction of resistance to ADM.
Introduction
Multidrug resistance (MDR) is one of the major causes of chemotherapy failure in the treatment of leukaemia and disease relapse. Adriamycin (ADM) is an important chemotherapy agent, usually combined with other therapeutic agents to treat leukaemia. In advanced or recurrent patients, resistance to ADM may gradually develop and greatly reduce treatment efficacy. Reversing resistance by recovering sensitivity of leukaemic cells to ADM is an urgent challenge for clinicians. The use of classic MDR modifiers is not satisfactory due to their high toxicity. Newer strategies to reverse MDR in the treatment of acute leukaemia are currently being investigated, with traditional herbs receiving considerable attention.
Baicalin is a type of flavonoid extracted from the Chinese medicinal herb Scutellaria baicalensis Georgi (Huang Qin) widely used in various disease models [1] [2] [3] . It has been documented that baicalin exerts effects on the inhibition of cancer cells via apoptosis and cell-cycle arrest [4, 5] in many types of tumours such as prostate cancer [4, 6] , Burkitt lymphoma [7] , oesophageal squamous cell carcinoma [8] , etc. With regard to haematological malignancies, many studies investigated these anticancer effects. Lu et al. indicated that baicalin-induced apoptosis is conducted via expression of the Gadd153 and mitochondrialdependent pathway [9] . A more recent study found that activation of caspase-3 may play a role in the effects of baicalin [10] . Shieh et al. reported that baicalin-induced apoptosis is Bcl-2-dependent instead of p53-dependent in human leukaemic cells [11] . Huang et al. reported that baicalin-induced apoptosis may reduce telomerase activity in HL-60 leukaemic cells [12] . The combination of baicalin and other agents has shown good efficacy in human leukaemic cells [13] . Inhibition of the PI3K/Akt signalling pathway was considered as a mechanism involved in leukaemic cell apoptosis [14] . It has been reported that baicalin induced apoptosis in CA46 lymphoma cells via down-regulation of the PI3K/Akt signalling pathway [7] . Our previous work also suggested that baicalin-induced apoptosis is related to down-regulation of the PI3K/Akt signalling pathway in HL-60/ADM cells [15] . Therefore, baicalin is considered as a good candidate for combination therapy against leukaemia.
It has been well documented that overexpression of drug resistance-related genes, like multidrug resistance related protein 1 (MDR1), multidrug resistance protein 1 (MRP1), lung resistance-related protein (LRP) and breast cancer-related protein (BCRP) strongly extrudes chemotherapeutic agents crossing the cellular membrane and reduces the intracellular bioavailability and concentration of drugs, leading to MDR [16] . In this regard, downregulation of the expression of these genes may be an important strategy against MDR in leukaemia. Recent studies have shown that down-regulating the expression of the MDR1 gene by osthol [17] , or MDR1, MRP1 and BCRP genes by homeobox B4 knockdown (HOXB4) [16] share the same mechanisms, that is, inhibition of the PI3K/Akt signalling pathway can reverse resistance to ADM in myelogenous K562/ADM leukaemic cells. HL-60 is another leukaemic cell line widely used in MDR research. The expression of the LRP gene in HL-60 cells remains a subject of controversy. In 1995, Solvak et al. reported high expression of the LRP and MRP genes in HL-60 cells. Interestedly, another study reported that LRP gene expression was low in HL-60 cells, although highly expressed in relapsed patients with MDR [18] . Thus, it is hypothesised that regular HL-60 cells and HL-60 cells with MDR may share different biological characteristics.
Based on this evidence, we selected an ADM-resistant human leukaemic cell line, namely HL-60/ADM cells for the subsequent experiments. We assessed the expression of MRP and LRP genes in these resistant cells and investigated the synergistic effect of baicalin with ADM, namely the reversal of resistance to ADM. Additionally, we investigated the mechanisms involved in this process by observing changes in MDR-related gene expression and the PI3K/ Akt signalling pathway induced by baicalin administration.
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Cellular Physiology and Biochemistry Fig. 1 . Dose-response curve of administration of baicalin. The doses of 5 and 10 µM exhibited weak cytotoxicity (inhibition rate ≤ 20%). We, therefore, selected these as the administration doses for the experiments. 
Materials and Methods

Cell lines
The regular acute myeloid leukaemia (AML) HL-60 cell line along with ADM-resistant cell line, namely HL-60/ADM cells were obtained from the Chinese Academy of Medical Sciences, Tianjin Institute of Haematology. HL-60 ADM cells were cultured in RPMI1640 medium (Gibco, NY, USA) containing 0.4 μg/L ADM; and 10% foetal bovine serum (Hao Yang, China) to keep the ADM-resistance Cells were incubated at 37°C under saturated humidity and were passaged once every 2 days. Two weeks prior to the experiment, the culture medium was replaced with non-ADM RPMI1640 medium in HL-60/ADM cells. Cells from the logarithmic growth phase were used for the experiments.
Chemicals and reagents
Sterile baicalin was purchased from a pharmaceutical company (Qingze, China). Baicalin purity was 99.0%, determined through high-performance liquid chromatography. The drug was dissolved in dimethyl sulfoxide (DMSO) (Sigma, USA) and stored at −20°C. ADM was obtained from Sigma. The following primary antibodies were used in the analysis: anti-Akt, anti-p-Akt and LY294002 were purchased from Cell Signaling The reversal fold (RF) was calculated as the IC50 without reversal agents/IC50 with reversal agents. Doses (5 and 10 μM), which exhibited weak cytotoxicity (inhibition rate ≤ 20%, Fig. 1 ), were selected as administration doses for the following experiments.
Flow cytometry assays. Intracellular drug accumulation assay:
Flow cytometry was used to determine the ADM fluorescent-positive ratio in HL-60/ADM cells, since ADM is autofluorescent. Cells were cultured in a 6-well plate for 24 h and subsequently incubated with 10 μmol/L baicalin. HL-60 and HL-60/ADM cells not treated with baicalin were used as controls. The cells were incubated for 24 h. ADM was added to a final concentration of 10 μmol/L and the cells were incubated for another 2 h. All the cells were collected and washed twice. The fluorescent-positive rate in HL-60/ADM cells was analysed using a BD FACSCanto II cytometer (BD Biosciences, USA). The intracellular median fluorescence intensity (MFI) associated with ADM was detected via fluorescence-activated cell sorting. The excitation and emission wavelengths were 488 and 550 nm, respectively. A filter was used to determine red fluorescence intensity.
Annexin V apoptosis assay: The cells were treated with DMSO alone or with various concentrations of baicalin for 12 h to determine the induction of apoptosis by baicalin in HL-60/ADM cells. The cells were subsequently washed with ice-cold phosphate-buffered saline and incubated with annexin V-FITC (BD Pharmigen, USA) and propidium iodide (Trevigen, USA). The rate of apoptosis was analysed by flow cytometry.
Investigation of the mechanisms related to the effects of baicalin Real-time polymerase chain reaction (PCR) analysis to measure the expression of MRP1, LRP and Bcl-2 genes.
HL-60/ADM cells were pretreated with different concentrations of baicalin or RPMI1640 for 24 h to measure the mRNA expression of MRP1, LRP and Bcl-2 in HL-60 cells and HL-60/ADM cells, along with changes induced by baicalin administration. Total mRNA was extracted and reverse transcribed. The transcription levels of MRP1, LRP and Bcl-2 [19] were detected by quantitative real-time PCR using the iCycler real-time detection system (Bio-Rad, USA) in a two-step method. The hot start enzyme was activated at 95°C for 5 min. Subsequently, cDNA was amplified for 40 cycles, which consisted of denaturation at 95°C for 15 s and annealing/extension at 58°C for 30 s. A melt curve analysis was then performed (the temperature was 55°C for 1 min and then increased by 0.5°C every 10 s) to detect the formation of primer-derived trimmers and dimmers. The primer sequences used were the following: MRP1 forward, 5'-GGTCACGCACAGCATG-3', and reverse, 5'-GTACACGGAAAGCTTGAC-3'; LRP forward, 5'-AGTCAGAAGCCG AGAAAG-3', and reverse, 5'-CCCAGCCACAGCAAGGT-3'; Bcl-2 forward, 5'-CGACGACTTCTCCCGCCGCTACCGC-3', and reverse, 5'-CCGCATGCTGGG GCCGTACAGTTCC-3' and β-actin forward, 5'-GTGGGCGCCCCAGACACCA-3', and reverse, 5'-CTCCTTAATGTCACGCACGATTC-3'. β-actin was used as internal control.
Western blotting analysis
Western blotting analysis was used to analyse changes in the expression of proteins related to the study treatment. Following different treatments, HL-60/ADM cells were harvested and lysed. Protein concentrations were measured using the DC TM protein assay kit (Bio-Rad, USA). Electrophoresis was performed in 8-12% sodium dodecyl sulphate polyacrylamide gel, and samples were subsequently transferred onto a polyvinylidene fluoride membrane. Western blotting analysis was conducted in accordance with the kit instructions. The following primary antibodies were used for the analysis: Poly (ADP-ribose) polymerase (PARP), caspase-3, MRP1, LRP1, Bcl-2, Akt, p-Akt, LY294002 and β-actin. β-actin was used as the internal reference. Finally, an enhanced chemiluminescence detection system (Pierce, USA) was used for exposure. Quantitative analyses of protein expression were performed using an Image-ProPlus system (Media Cybernetics, USA).
Statistical analysis
Data were recorded as the mean ± standard deviation and analysed using SPSS 19.0.0 (IBM, USA). Differences between the groups were analysed using two-way analysis of variance followed by Bonferroni post hoc correction for multiple comparisons. All tests were two-sided. p < 0.05 was set as significant difference.
Results
In the present study, we confirmed the cytotoxic effects of baicalin in HL-60/ADM cells and subsequently investigated the mechanisms involved in the therapeutic effects of baicalin. 02 vs 1.89, Fig. 2B ). This finding was reproduced in different concentrations of ADM (Fig. 2C) . These data confirmed that administration of baicalin may have a synergistic effect with ADM, reversing drug resistance in HL-60/ADM cells.
Confirmation of the effects of baicalin in HL-
Baicalin-induced apoptosis in HL-60/ADM cells by increasing the intracellular accumulation of ADM.
The results of Annexin V staining indicated that baicalin induced apoptosis in HL-60/ADM cells, and administration of 10 μM baicalin exhibited a stronger effect than that of 5 μM (Fig. 3A) . These findings were also confirmed by Western blotting analysis (Fig. 3B ). The 
results of the quantitative analysis are shown in Fig. 4 (Fig. 4) when administered in combination with ADM. Fig. 3C is a representative image obtained by flow cytometry. The spectra of the HL-60/ADM + baicalin group exhibited a higher level of intracellular ADM (Fig. 3C) 705.60 and 320.33 ± 69.90, respectively. Following treatment with 10 μmol/L baicalin for 48 h, the intracellular accumulation of ADM increased to 3765.67 ± 402.79, namely 6.98-fold increase compared with the negative control in HL-60/ADM cells (p < 0.01) (Fig. 3D) .
These findings indicated that baicalin induced apoptosis in HL-60/ADM cells, in which the increase in intracellular accumulation of ADM may play a role.
Investigations of the mechanisms related to the effects of baicalin Confirmation of the expression of MDR-related genes and Bcl-2 gene in HL-60 and HL-
60/ADM cells. MRP1, LRP and Bcl-2 genes were expressed in both HL-60 and HL-60/ADM cells. Moreover, the expression of these genes was significantly higher in HL-60/ADM cells (Fig. 5A and 5B). We confirmed that the biological characteristics of HL-60/ADM cells were different from those of HL-60. HL-60/ADM cells were therefore employed for subsequent studies. (Fig. 5C and 5D ). The effect of the down-regulation of MRP1 and LRP in HL-60/ADM cells treated by ADM, baicalin and their combination was also compared. Administration of ADM or baicalin significantly decreased gene expression. However, the combination of ADM and baicalin exerted the strongest down-regulation effect, indicating a synergistic effect of ADM and baicalin ( Fig. 5E and 5F) .
Down-regulation of the expression of MDR-related genes and Bcl-2 gene in HL-
Inhibition of the PI3K/Akt signalling pathway may play a role in the mechanisms of baicalin-reversed MDR. With regard to the expression of Akt/p-Akt in HL-60/ADM cells, we found that administration of baicalin significantly down-regulated the expression of p-Akt, and the larger dose (10 μM) exhibited a stronger down-regulation effect than that of the lower dose (5 μM). However, the expression of Akt was not affected by baicalin (Fig. 6A and  6B) .
The inhibitory effects of baicalin with LY294002 on PI3K/Akt signalling pathway were also investigated. Interestingly, the administration of LY294002 yielded similar results as baicalin. The expression of p-Akt, MRP1 and LRP was significantly down-regulated by 
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Cellular Physiology and Biochemistry both LY294002 and baicalin. Moreover, the combination of LY294002 and baicalin exerted a stronger down-regulation effect, indicating a synergistic effect of LY294002 and baicalin. Akt was unaffected by LY294002, baicalin and their combined administration (Fig.  6C and 6D ). These findings indicated that inhibition of the PI3K/Akt signalling pathway may play a role in the mechanisms of baicalin-reversed MDR.
Discussion
In the present study, we employed an ADM-resistant leukaemic cell line using HL-60/ADM cells. The expression of MRP1, LRP and Bcl-2 genes in the resistant HL-60/ADM cells was confirmed. Using these HL-60/ADM cells, we found that baicalin exhibited a synergistic effect with ADM by increasing the intracellular accumulation of ADM, reducing resistance to ADM. We found that MDR-related genes, namely MRP1, LRP gene and an apoptosis gene, namely Bcl-2 were highly expressed in HL-60/ADM cells, whereas they were down-regulated by baicalin. The combination of ADM and baicalin resulted in the strongest down-regulation, confirming the synergistic effect of ADM and baicalin. Moreover, it was shown that both MDR-related genes and p-Akt are down-regulated by administration of baicalin and LY294002, a specific antagonist of the PI3K/Akt signalling pathway. Baicalin and LY294002 exhibited a synergistic effect. These findings suggest that inhibition of the PI3K/Akt signalling pathway may play a role in the down-regulation of MDR-related genes, consequently reversing ADM resistance state in leukaemic cells. Interestingly, we firstly confirmed that the expression of LRP was higher in ADM-resistant HL-60 cells, and subsequently provided evidence of the synergistic effect of baicalin and ADM using these HL-60/ADM cells. These findings indicated that HL-60/ADM cells are a more appropriate cell line model for the investigation of MDR than the regular HL-60 cells. Baicalin may be a potential candidate for combination chemotherapy with ADM. Clinical validation of these findings is warranted.
Drug resistance in HL-60/ADM cells. Inspired by the results of a previous study on the dispersed expression of the LRP gene among regular HL-60 cells and relapsed AML patients [18] , we selected ADM-resistant leukaemic HL-60 cells for the following studies. The significant difference in IC50 between HL-60/ADM and HL-60 indicated that HL-60/ADM cells are highly resistant to ADM. Compared with K562/ADM cells [17] , the HL-60/ADM cells exhibited higher ADM-resistance (RF: 246.6 vs 38.55). In addition, the IC50 of HL-60/ADM cells was shown to be affected by the administration of baicalin (Fig. 2) .
The expression of MDR-related genes and Bcl-2 gene was also investigated. In our preliminary experiments, we found high expression of MRP1, LRP and Bcl-2 genes, unlike The synergistic effect of baicalin and ADM. Administration of baicalin enhanced the inhibition and apoptosis rate in HL-60/ADM cells (10 µM > 5 µM), and the synergistic effect of baicalin and ADM was confirmed. We also confirmed that administration of baicalin significantly enhanced the intracellular levels of ADM. Therefore, it was deduced that baicalin reduces resistance to ADM by increasing the intracellular accumulation of ADM in HL-60/ADM cells. Our results are in accordance with previous studies [16, 17] (Fig. 3) . It has been reported that administration of osthol [17] or suppressing the expression of the HOXB4 gene [16] increases the intracellular accumulation of ADM in K562/ADM cells. The consistent results from studies using different treatments and different ADM-resistant cell lines suggested that increasing the intracellular levels of ADM is a common mechanism of combination therapy with ADM, reversing resistance to ADM.
The roles of MDR-related genes and PI3K/Akt signalling pathway. The roles of MDRrelated genes have been well documented in previous studies [9, 16, 17, 20] . However, the genes involved vary between studies, most likely due to differences in treatment. Wang et al. indicated that HOXB4 gene knockdown affects the expression of MDR1, MRP1 and BCRP genes [16] , whereas administration of osthol only affects MDR1 [17] . The use of different leukaemic cell line models may also account for the varied gene expression observed between studies. The present study showed that in HL-60/ADM cells, MRP1 and LRP were the only MDR-related genes expressed. Verification of these findings using other cell lines is indispensable in future studies to develop an overall understanding of the MDR-related genes involved in this process. In the present study, administration of baicalin induced significant down-regulation of the expression of the MRP1 and LRP genes (10 µM > 5 µM, Fig. 5C and  5D) . Additionally, the combination of ADM and baicalin enhanced the down-regulation of MRP1 and LRP, exhibiting another synergistic effect of this combination ( Fig. 5E and 5F ). In accordance with Wang's studies [16, 17] , down-regulating the expression of MDR-related genes is considered as another common mechanism improving the crossing of the cellular membrane by chemotherapeutic agents. The intracellular bioavailability and concentration of the drug was subsequently increased, resulting in enhanced apoptosis in leukaemic cells.
Our data showed similar changes in two different kinds of proteins, namely MDR-related MRP1 and LRP, and PI3K/Akt signalling pathway-related p-Akt. The expression of these proteins can be down-regulated by baicalin and specific PI3K/Akt antagonists. Baicalin and LY294002 exhibited a synergistic effect (Fig. 6 ). These data strongly suggest that inhibition of the PI3K/Akt signalling pathway induced by baicalin may play a role in the down-regulation of the expression of MDR-related genes. The PI3K/Akt pathway is an important molecular mechanism underlying MDR, as shown in previous studies [16, 17, 21] .
Collectively, the findings of the present study together with those from previous studies using ADM-resistant cells lines (K562/ADM) [16, 17] , demonstrate that the combination of ADM with other agents may share the same mechanism (Fig. 7) . Combination drugs (such as baicalin and osthol) or treatments (such as knockdown of the HOXB4 gene) suppress the PI3K/Akt signalling pathway, triggering the down-regulation of MDR-related gene expression. The overexpressing state of MDR-related genes is corrected. The crossing of the cellular membrane by chemotherapeutic agents is consequently changed and the intracellular bioavailability and concentration of the drugs are enhanced. Moreover, resistance to agents such as ADM is reversed and the state of MDR is ameliorated. These mechanisms should be verified in other drug-resistant leukaemic cell lines. Moreover, this study proposes the use of agents in combination with ADM for the treatment of AML. Such compound ought to be sensitive to the PI3K/Akt signalling pathway and to other leukaemic cell lines, while being less toxic. 
Conclusion
We verified the expression of MDR-related genes in HL-60/ADM cells and found that MRP1, LRP and Bcl-2 were expressed in both HL-60 and HL-60/ADM cells. HL-60/ADM cells exhibited higher expression. HL-60/ADM cells are more sensitive and appropriate for the investigation of MDR than regular HL-60 cells. The findings of the present study provided evidence of the synergistic effect of baicalin and ADM in HL-60/ADM cells. Baicalin may be considered as a potential candidate against resistant leukaemia, although further study is warranted to verify these findings. Combination treatments with ADM may share the same mechanism: suppression of the PI3K/Akt signalling pathway, down-regulation of the MDRrelated genes, enhancement of the intracellular levels of ADM and consequent amelioration of the MDR state in leukaemic cells.
